and diabetes mellitus are complex metabolic problems of pandemic proportion, contributing to significant cardiovascular mortality. Recent studies have shown altered mitochondrial function in the hearts of diabetic animals. We hypothesized that regulatory events involved in the control of mitochondrial function are activated in the prediabetic, insulin-resistant stage. Methods and Results-Morphometric analyses demonstrated that cardiac myocyte mitochondrial volume density was increased in insulin-resistant uncoupling protein-diptheria toxin A (UCP-DTA) transgenic mice, a murine model of metabolic syndrome, compared with littermate controls. Mitochondrial DNA content and expression of genes involved in multiple mitochondrial pathways were also increased in insulin-resistant UCP-DTA hearts. The nuclear receptor, peroxisome proliferator-activated receptor-␣ (PPAR␣), is known to activate metabolic genes in the diabetic heart. Therefore, we evaluated the role of PPAR␣ in the observed mitochondrial biogenesis response in the insulin-resistant heart. Insulin-resistant UCP-DTA mice crossed into a PPAR␣-null background did not exhibit evidence of mitochondrial biogenesis or induction of mitochondrial gene expression. Conversely, transgenic mice with cardiac-specific overexpression of PPAR␣ exhibited signatures of cardiac mitochondrial biogenesis. A screen for candidate mediators of the PPAR␣-driven mitochondrial biogenic response revealed that expression of PPAR␥ coactivator-1␣ (PGC-1␣), a known regulator of mitochondrial biogenesis, was activated in wild-type UCP-DTA mice but not in PPAR␣-deficient UCP-DTA mice.
W e are witnessing an emerging pandemic of obesity fueling a dramatic increase in the prevalence of type 2 diabetes mellitus. 1 Cardiovascular disease is the leading cause of death in the diabetic population. 2, 3 Cardiac dysfunction is common in diabetics regardless of risk factors for coronary artery disease and hypertension. 4 -6 Emerging evidence suggests that diabetic cardiomyopathy is linked to alterations in myocardial fuel and energy metabolism. [7] [8] [9] The normal mammalian heart is capable of generating ATP from multiple substrates. Although fatty acids (FAs) serve as the chief energy substrate for the heart, dynamic shifts in the proportion of ATP generated from oxidation of FAs and glucose provide the heart with an efficient and constant fuel source in diverse physiological and nutritional circumstances. 7 In insulin-resistant and insulin-deficient forms of diabetes, car-diac energy substrate flexibility becomes constrained. Altered insulin signaling in the diabetic state reduces myocardial glucose uptake and utilization concordant with increased uptake and utilization of FAs to meet cardiac energy demands. 8, 10, 11 Although this shift in myocardial fuel preference is initially adaptive, long-term reliance on mitochondrial FA oxidation (FAO) imposes a stress on the cardiac myocyte that includes accumulation of toxic lipid intermediates and reactive oxygen species and increased myocardial oxygen consumption, which predisposes to cardiac dysfunction. 10, 11 
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In addition to derangements in fuel metabolism, increasing evidence supports a role for mitochondrial dysfunction in the end-organ damage of diabetic striated muscle. Mitochondrial structural and functional derangements have been shown in skeletal muscle of insulin-resistant and diabetic animal models and humans. [12] [13] [14] [15] [16] [17] [18] Studies of mitochondria in the diabetic heart are more limited, but several recent investigations with animal models have identified diabetes-related mitochondrial abnormalities. Studies performed with a model of chronic type 1 diabetes mellitus (OVE26 mice 19 ) demonstrated evidence of mitochondrial biogenesis, focal mitochondrial damage, and altered mitochondrial function. Other investigators have found derangements in mitochondrial ultrastructure and reduced respiratory capacity in hearts of obese or diabetic animals. 20 -23 These results indicate that diabetes is associated with mitochondrial abnormalities in both skeletal muscle and heart, but that in the latter, a mitochondrial biogenic response is mounted. The role of the mitochondrial abnormalities as causal or secondary in diabetic cardiac dysfunction is unknown, however. Temporal pattern and mechanisms controlling mitochondrial biogenesis and dysfunction in the diabetic heart have not been delineated. Moreover, the role of the biogenic response as adaptive or maladaptive for cardiac energetics and function is unknown.
The present study was designed to test the hypothesis that the regulatory pathway involved in triggering mitochondrial biogenesis in the diabetic heart is activated in the prediabetic, insulin-resistant stage, possibly as an adaptive response to support increased flux of FAs through the mitochondrial ␤-oxidation pathway. In addition, we sought to identify the specific molecular regulatory pathway involved in this cardiac mitochondrial biogenic response. We found that the expression of nuclear and mitochondrial genes encoding enzymes involved in multiple mitochondrial pathways is activated in the hearts of insulin-resistant uncoupling proteindiptheria toxin A (UCP-DTA) transgenic mice, concomitant with a robust cardiac mitochondrial biogenic response. The results of the present study provide evidence for a regulatory loop that requires the FA-activated nuclear receptor peroxisome proliferator-activated receptor-␣ (PPAR␣), possibly together with the transcriptional coactivator PGC-1␣ (PPAR␥ coactivator-1␣), a known regulator of mitochondrial biogenesis.
Methods

Animal Models
UCP-DTA transgenic mice 24 (The Jackson Laboratory, Bar Harbor, Me) were crossed with PPAR␣-null (PPAR␣ Ϫ/Ϫ ) 25, 26 animals, both in an FVB/N background. Three-month-old male nontransgenic (NTG), UCP-DTA, PPAR␣ Ϫ/Ϫ , and UCP-DTAϫPPAR␣ Ϫ/Ϫ mice were studied. In all experiments, mice were compared directly with strain-matched littermate NTG mice. Mice were fasted for 4 hours in the morning, during the early part of the light cycle, for evaluation of tail blood glucose concentration (HemoCue Blood Glucose Analyzer, HemoCue AB, Ängelholm, Sweden) and then euthanized to obtain plasma for insulin and triglyceride measurements (Tables 1  and 2 ). These measurements were performed by the Diabetes Research and Training Core (DRTC) Core at Washington University. The insulin resistance index was calculated by multiplying the blood glucose concentration by the concentration of plasma insulin.
MHC-PPAR␣ mice (line 404-3) 27 were backcrossed 6 times into the C57BL/6J background. Two-month-old MHC-PPAR␣ mice and their NTG littermates were studied. All experiments and protocols were conducted in strict accordance with the National Institutes of Health guidelines for humane treatment of animals and were re-viewed and approved by the Washington University Animal Studies Committee.
Electron Microscopy
Papillary muscle was dissected from the left ventricle of the heart, fixed, and sectioned as described previously. 28 Cardiac mitochondrial and myofibrillar volume densities were determined from electron micrographs as described previously. 28, 29 For each animal, 3 different fields were quantified at the magnification 10 000ϫ in a blinded fashion. Data are expressed as mean volume density (volume of mitochondria or myofibrils [m 3 ] per cytoplasmic volume [m 3 ]) in each field.
Quantitative Real-Time Polymerase Chain Reaction for Mitochondrial DNA
Mitochondrial DNA (mtDNA) content was quantified by real-time reverse-transcription polymerase chain reaction (rtPCR) with cardiac DNA as described previously. 19 Briefly, DNA was extracted from frozen heart tissue of NTG and insulin-resistant UCP-DTA mice by proteinase K digestion followed by phenol-chloroform extraction. DNA was precipitated with ammonium acetate and ethanol. Total DNA concentration was determined with a fluorometer. Five nanograms of genomic DNA was assayed in triplicate with Sybrgreen core reagents (Applied Biosystems, Foster City, Calif) and cytochrome b (mitochondrial) or ␤-actin (nuclear) and a Prism 7500 Sequence Detector (Applied Biosystems). mtDNA per nuclear genome was calculated as the ratio of cytochrome b DNA to ␤-actin DNA quantity. Primer sequences for cytochrome b and ␤-actin are listed in Table I in the Data Supplement.
RNA and Protein Analyses
Total RNA was isolated from hearts by the RNAzol method (Tel-Test, Friendswood, Tex) as described previously. 30 First-strand cDNA was generated, and real-time rtPCR was performed with triplicate reactions as described previously. 28 Arbitrary units of target mRNA were corrected by measuring the levels of 36B4 RNA. The mouse-specific primer-probe sets used to detect gene expression can be found in supplemental Table I. Western blotting was performed with whole-cell lysates as described previously 31 with antibodies directed against medium-chain acyl-CoA dehydrogenase (MCAD), 32 cytochrome oxidase complex II (COX II; Santa Cruz Biotechnology, Santa Cruz, Calif) and IV (COX IV; Molecular Probes, Eugene, Ore), and mitochondrial 
Mitochondrial Respiration and ATP Measurements
Mitochondrial respiration was assessed in saponin-permeabilized cardiac fibers as described previously. 21, 28, 33 Oxygen consumption (V O) was measured at 25°C with an optical probe (Oxygen FOXY probe, Ocean Optics, Dunedin, Fla) in the presence of palmitoyl-Lcarnitine (0.02 mmol/L) and malate (2 mmol/L). After measurement of basal respiration, maximal (ADP-stimulated) state 3 respiration was determined by exposing the fibers to 1 mmol/L ADP, and then respiration in the absence of ADP phosphorylation was determined in the presence of 1 mg/mL oligomycin. Respiration rates were expressed as nanomoles of O 2 per minute per milligram of dry fiber weight. ATP synthesis was evaluated with aliquots taken from the respiration chamber over a 2-minute period after the addition of ADP. ATP was quantified with a luciferase based assay (ENLITEN ATP assay, Promega, Madison, Wis). ATP/O ratio was calculated with the state 3 respiratory rate for each sample.
Statistical Analysis
For quantitative data, statistical comparisons were made with Student t test, assuming unequal variances. All data are presented as meanϮSE, with a statistically significant difference defined as PϽ0.05.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Insulin-Resistant UCP-DTA Mice Exhibit Cardiac Mitochondrial Biogenesis
We first sought to examine the mitochondrial ultrastructure in hearts of obese, insulin-resistant mice. To this end, we used UCP-DTA mice, a transgenic model that exhibits many features of metabolic syndrome caused by partial ablation of brown adipose tissue via tissue-specific targeting of a diphtheria toxigene. 24, 34 By 3 months of age on standard chow diet, mean body weight was significantly greater in UCP-DTA mice than in NTG littermates ( Table 1 ). The UCP-DTA mice were normoglycemic but hyperinsulinemic and hypertriglyceridemic at this age (Table 1 ). There was no change in cardiac function or left ventricular mass by echocardiographic assessment in the UCP-DTA mice (data not shown), as described previously. 34 Furthermore, at this age, there was no difference in heart weight to body weight ratio and no evidence of hypertension in the UCP-DTA mice compared with NTG controls (data not shown). Transmission electron microscopy was performed on cardiac ventricular samples prepared from insulin-resistant UCP-DTA and NTG littermate control mice. The mitochondria in the hearts of UCP-DTA mice were larger in size and number than those in controls ( Figure 1A ). Quantitative morphometric analysis confirmed that mitochondrial volume density was significantly greater in the UCP-DTA samples ( Figure 1B, left) . Furthermore, myofibril volume density was significantly decreased (Figure 1B, left) . Consistent with the observed increase in mitochondrial volume density, levels of mtDNA were greater in the insulin-resistant UCP-DTA mouse hearts than in NTG controls ( Figure 1B, right) .
We next determined expression levels of nuclear and mitochondrial genes involved in multiple mitochondrial energy metabolic pathways. The levels of transcripts encoding proteins involved in mitochondrial FAO (medium-chain acyl-CoA dehydrogenase), the tricarboxylic acid cycle (citrate synthase), electron transport (cytochrome C and COX II), and oxidative phosphorylation (␤-subunit of ATP synthase) were all significantly increased in insulin-resistant hearts compared with controls ( Figure 1C ). Protein levels of medium-chain acyl-CoA dehydrogenase, COX II, and COX IV were also increased in the hearts of the UCP-DTA mice ( Figure 1D ). Taken together, these data demonstrate a cardiac mitochondrial biogenic response in the hearts of insulin-resistant UCP-DTA mice.
Insulin-Resistant Mitochondria Exhibit Increased Respiratory Uncoupling
Mitochondrial respiratory rates were assessed in permeabilized muscle strips from insulin-resistant UCP-DTA mice and their littermates. There was no change in baseline or maximal ADP-stimulated (state 3) respiration in the insulin-resistant hearts (Figure 2A ). However, there was a tendency toward increased oligomycin-inhibited respiration and reduced respiratory control ratio, suggestive of uncoupling. In addition, ATP synthesis rates and the ATP/O 2 consumption ratio in muscle strips from UCP-DTA mice were significantly lower than in controls ( Figure 2B ). These data indicate that the respiration of cardiac mitochondria in the insulin-resistant animals was inefficient, likely owing to an increase in uncoupled respiration. Interestingly, rtPCR studies demonstrated that expression of the genes encoding UCP-2 and -3 was not increased in the UCP-DTA animals (data not shown).
PPAR␣ Is Required for Activation of the Cardiac Mitochondrial Biogenic Program in Insulin-Resistant Mice
Previous studies have shown that the expression of genes involved in mitochondrial FAO is increased in the hearts of insulin-resistant and diabetic rodents and that this is driven, at least in part, by the nuclear receptor PPAR␣. 26, 35, 36 As expected, we found that the expression of the PPAR␣ gene and several of its target genes, including muscle carnitine palmitoyltransferase I, acyl-CoA oxidase, and pyruvate dehydrogenase kinase, was increased in insulin-resistant UCP-DTA mouse hearts compared with controls ( Figure 3A) .
To investigate the role of PPAR␣ in the observed mitochondrial biogenic response in insulin-resistant hearts, the UCP-DTA mice were backcrossed into a PPAR␣-null background 25, 35 (UCP-DTAϫPPAR␣ Ϫ/Ϫ ). The UCP-DTAϫ PPAR␣ Ϫ/Ϫ mice exhibited higher insulin and triacylglycerol levels than corresponding PPAR␣ Ϫ/Ϫ mice, albeit to a lesser degree than wild-type UCP-DTA mice. As we have shown previously in streptozotocin-treated diabetic mice, 37 the upregulation of FAO enzyme genes was not observed in the UCP-DTAϫPPAR␣ Ϫ/Ϫ mice ( Figure 3A ). In addition, the observed induction of genes encoding other mitochondrial enzymes was not activated in the UCP-DTAϫPPAR␣ Ϫ/Ϫ animals ( Figure 3B ). The mitochondrial biogenic response was also absent in the UCP-DTAϫPPAR␣ Ϫ/Ϫ mice, as determined by morphometry ( Figure 3C ) and mtDNA quantification ( Figure 3D ). These results indicate that PPAR␣ is necessary for the mitochondrial biogenic response related to the insulin-resistant state.
PPAR␣ Is Sufficient to Drive the Cardiac Mitochondrial Biogenic Response
To determine whether activation of PPAR␣, such as occurs in the insulin-resistant heart, is sufficient to activate mitochondrial biogenesis in the absence of insulin resistance, we examined cardiac mitochondria of transgenic mice with cardiac-specific overexpression of PPAR␣ (MHC-PPAR␣ mice). 27 Compared with NTG littermate controls, the hearts of MHC-PPAR␣ mice exhibited a significant increase in mitochondrial volume density ( Figure 4A and 4B, left) and mtDNA levels ( Figure 4B, right) . Quantitative rtPCR demonstrated a 50% to 60% increase in mean levels of transcripts encoding cytochrome C and COX II and a tendency toward increased citrate synthase (Pϭ0.06; Figure 4C ), similar to the UCP-DTA mice. Taken together with the results of the UCP-DTAϫPPAR␣ Ϫ/Ϫ mice, these results indicate that PPAR␣ is both necessary and sufficient for the mitochondrial biogenic response of the insulin-resistant heart.
Evidence That PPAR␣-Mediated Mitochondrial Biogenic Response Involves the Transcriptional Coactivator PGC-1␣
Whereas PPAR␣ is known to activate expression of many genes involved in cellular FA utilization, it has not been shown to regulate genes involved in mitochondrial respiratory function or biogenesis. Therefore, it seemed likely that the observed effects of PPAR␣ on the mitochondrial biogenic response in UCP-DTA and MHC-PPAR␣ mice occurred indirectly, perhaps via regulatory pathways known to control postnatal mitochondrial function and biogenesis. Recently, a transcriptional regulatory cascade involved in the control of mitochondrial biogenesis has been defined (reviewed in Kelly and Scarpulla 38 ). The PGC-1 family of transcriptional coactivators serve as the drivers of this cascade. 39 -41 The expression of genes encoding PGC-1␣ and PGC-1␤ and downstream components of the PGC-1 circuit, including the transcription factors nuclear respiratory factor 1 (NRF-1) and the estrogen-related receptor-␣ (ERR␣), was evaluated. Realtime rtPCR studies demonstrated that levels of transcripts encoding both PGC-1␣ and NRF-1 were increased in the UCP-DTA hearts but not in UCP-DTAϫPPAR␣ Ϫ/Ϫ hearts ( Figure 5A ). Levels of mitochondrial transcription factor A (mtTFA), a critical regulator of mtDNA replication downstream of NRF-1, were also increased in the UCP-DTA samples in wild-type but not in the PPAR␣ Ϫ/Ϫ background ( Figure 5B ). ERR␣ mRNA was not increased in either group ( Figure 5A ). However, ERR␣ is capable of cooperating with the NRFs and PGC-1␣ and thus may "amplify" the PGC-1␣ cascade even without being induced at the gene expression level. 39 PGC-1␤ has been reported to have overlapping functions with PGC-1␣, 42 but it was not significantly increased in the insulin-resistant heart. These results suggest that PPAR␣ stimulates the mitochondrial gene regulatory response by activation of the PGC-1␣/NRF-1 regulatory pathway.
Discussion
The role of mitochondrial dysfunction as a causal or secondary phenomenon in the development of diabetic cardiomyopathy is unknown. As an initial step to address this question, we sought to determine whether signatures of mitochondrial abnormalities were present in the insulin-resistant heart, before the development of overt diabetes mellitus. Herein, we demonstrate that a cardiac mitochondrial biogenic response occurs in the insulin-resistant, prediabetic stage in UCP-DTA mice. The present results implicate a PPAR␣-dependent, PGC-1␣-mediated regulatory mechanism as a key driver in this mitochondrial response. We found that hearts of insulinresistant UCP-DTA mice exhibit a robust mitochondrial biogenic response characterized by a coordinate increase in mitochondrial volume density, mtDNA content, and expression of nuclear and mitochondrial genes involved in energy transducing and ATP synthetic pathways. These results are consistent with observations by others showing cardiac mitochondrial proliferation in insulin-deficient diabetic mice. 19 Given that this mitochondrial biogenic response occurs at an early stage, before the onset of overt diabetes, the signals involved in triggering this response are likely related to the insulin-resistant state. It is possible that alterations in cellular insulin signaling or increased cellular import of FAs, both of which are known to occur in the insulin-resistant heart, lead to alterations in bioenergetics, activating a mitochondrial biogenic response aimed at increasing capacity for ATP generation.
Previous studies have shown that mitochondrial respiratory function is altered in the hearts of animal models of diabetes. 19, 21, 23, 43 We found that cardiac mitochondria of insulinresistant UCP-DTA mice exhibit normal state 3 respiration rates. However, the present results suggest early mitochondrial dysfunction. Specifically, despite the observed biogenic response, respiratory capacity was not augmented beyond levels in the normal controls. In addition, the mitochondria of the insulin-resistant UCP-DTA mice were inefficient, as evidenced by a reduced ATP synthesis/oxygen consumption ratio. These latter results are consistent with the findings of Boudina and coworkers 21 indicating that mitochondrial respiratory uncoupling is increased in the hearts of mouse models of diabetes. Interestingly, UCP-2 and -3 gene expression was not increased in the UCP-DTA hearts. Consistent with this finding, Buchanan et al 43 found reduced cardiac efficiency, suggestive of uncoupling, in isolated hearts from obese mice, before the induction of UCP gene expression. It is possible that other mechanisms, such as FA toxicity or accumulation of superoxide 44 could lead directly to respiratory uncoupling. Taken together with the findings of others, the present results suggest that the mitochondrial biogenic response in the insulin-resistant and diabetic heart may be triggered by reduced mitochondrial efficiency, a response that is not adequate to significantly increase respiratory capacity.
Several lines of evidence support the conclusion that the PPAR␣ gene regulatory pathway is involved in the cardiac mitochondrial biogenic response observed in insulin-resistant UCP-DTA mice. First, insulin-resistant UCP-DTA mice in a PPAR␣-null background did not exhibit mitochondrial proliferation or gene expression signatures of mitochondrial biogenesis. Second, we found that a significant cardiac mitochondrial biogenic response occurs in mice overexpressing PPAR␣ in heart (MHC-PPAR␣ mice), which indicates that PPAR␣ is sufficient to activate mitochondrial biogenesis in the absence of insulin resistance. Interestingly, although the related nuclear receptor PPAR␤/␦ has been implicated as a factor involved in the regulation of mitochondrial respiratory functional capacity in skeletal muscle, 45 PPAR␤/␦ expression was unchanged in the insulin-resistant UCP-DTA mice (data not shown), which suggests that PPAR␣ is the predominant PPAR isotype influencing the biogenic response in this disease state. It is also of interest that the cardiac mitochondrial ultrastructure is not abnormal in PPAR␣ Ϫ/Ϫ mice, which indicates that PPAR␣ is not essential for normal biogenesis. This is not surprising given that PGC-1␣ remains active with mitochondrial biogenic factors such as NRF-1 in PPAR␣ Ϫ/Ϫ mice. 38 Although we found an increase in PPAR␣ gene expression in the insulin-resistant heart, it is likely that PPAR␣ is also activated via increased delivery of FA ligand to the heart. Indeed, we found that the insulin-resistant UCP-DTA mice had significantly increased triacylglycerol levels. However, UCP-DTAϫPPAR␣ Ϫ/Ϫ mice exhibit normal cardiac mitochondrial volume density in association with increased triacylglycerol levels, which indicates the requirement for PPAR␣.
The present results implicate the PGC-1␣ gene regulatory circuit in the PPAR␣-dependent mitochondrial biogenic response of the insulin-resistant heart. Although PPAR␣ is known to regulate the expression of genes involved in mitochondrial FAO, it has not been shown to directly regulate the expression of genes involved in mitochondrial respiratory function and biogenesis. Recently, the regulatory cascade that controls postnatal mitochondrial biogenesis and functional capacity has been defined. 38, 41, 46 Specifically, the inducible factors PGC-1␣ and PGC-1␤ coordinately regulate mitochondrial gene expression and biogenesis by serving as coactivators of multiple transcription factors involved in the control of specific mitochondrial pathways, including the PPAR (FAO) and ERR (FAO, electron transport, and oxidative phosphorylation) families of nuclear receptors, NRF-1 and NRF-2 (electron transport and oxidative phosphorylation), and mt-TFA (mtDNA transcription and replication). Myocardial PGC-1␣ gene expression has been shown to be increased in insulin-resistant db/db mice. 43 We found that expression of the genes encoding PGC-1␣ and its downstream regulators, NRF-1 and mtTFA, was significantly increased in the hearts of insulin-resistant UCP-DTA mice. In striking contrast, expression of the regulators was not induced in insulin-resistant UCP-DTA mice in a PPAR␣-deficient background. These latter results suggest the existence of a regulatory loop in which PPAR␣ activates PGC-1␣ gene expression. Consistent with this notion, the human PGC-1␣ promoter sequence contains several putative PPAR recognition elements (data not shown), including a site 1982 base pairs upstream of the hPGC-1␣ gene transcription start site (5Ј-TGACCTTTGTCCT-3Ј) that exhibits 100% nucleotide identity with a PPAR␥ response element identified very recently in the mouse PGC-1␣ promoter. 47 In summary, we propose the following model for regulation of mitochondrial biogenesis in the insulin-resistant heart: (1) Caloric excess drives insulin resistance and increased circulating FA, which activates PPAR␣; (2) PPAR␣ is coactivated by PGC-1␣ to induce FA uptake and oxidation;
(3) in addition, PPAR␣ exerts reciprocal activation of PGC-1␣ gene expression, which amplifies coactivation of NRF-1 and mtTFA (and likely other factors) to orchestrate mitochondrial biogenesis. This series of events is likely triggered as an adaptive response to increase capacity for mitochondrial FAO and cope with mitochondrial inefficiency, which is probably a very early event. Over the long term, we speculate that this response is inadequate or becomes maladaptive, contributing to diabetic cardiac dysfunction.
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